A method for quantifying indole-3-acetic acid (IAA) and its conjugates with the six amino acids, Ala, -Asp, -Ile, -Glu, -Phe and -Val, in rice (Oryza sativa) by using high-performance liquid chromatography coupled with electrospray ionization and tandem mass spectrometry (HPLC-ESI-MS/MS) is described. Samples from the rice plant or callus were treated with 80% acetone in water containing 2.5 mM diethyl dithiocarbamate. Each extract was partially purified in C 18 cartridge column for solid-phase extraction (SPE) and subjected to HPLC-ESI-MS/MS without converting the product. The detection limit was 3.8 fmol for IAA, and 0.4-2.9 fmol for the IAA amino acid conjugates. The method was applied to the analysis of IAA and its conjugates in rice seedlings, dehulled rice and calli, using 20-100 mg tissue samples.
Indole-3-acetic acid (IAA) is the endogenous entity of auxin, a plant hormone that controls various physiological processes in plants including apical dominance, tropism, shoot elongation and root initiation. Due to its important role in plants, the level as well as distribution of IAA in a plant tissue has attracted a great deal of attention. However, IAA usually occurs in plants only in a trace amount, and therefore, special techniques are required for its accurate quantification. [1] [2] [3] [4] To date, various assay methods have been developed, and gas chromatography (GC)-selected ion monitoring-mass spectrometry (MS) represents one of the most popular. 5, 6) A GC-MS analysis can detect IAA at the subpicomole level per g fresh weight of plant tissue, after a multistep clean-up procedure and chemical conversion.
It has been shown that IAA undergoes various types of metabolic transformation in a plant, in order to maintain so-called IAA homeostasis. [7] [8] [9] The metabolites of IAA include oxidation products and conjugates with sugars, cyclitols and amino acids. Monitoring the levels of these metabolites, in addition to the level of IAA, is also important for understanding the overall mechanism for controling the IAA level in plant tissues, and further, for plant growth by IAA. However, typical metabolites of IAA have relatively high polarity, which is essentially unfavorable for a GC-MS analysis.
High-performance liquid chromatography-mass spectrometry (LC-MS) has recently gained popularity, due to the relatively mild conditions under which an analysis can be performed. In particular, the application of electrospray ionization/tandem mass spectrometry (LC-ESI-MS/MS) allows highly selective monitoring of a compound. A LC-MS/MS-based assay of IAA was first developed by Kowalczyk and colleagues. 10) It achieved the sensitive and selective detection not only of IAA, but also of four kinds of amino acid conjugates in Arabidopsis, and therefore had a definite advantage over conventional GC-MS methods. However, it still required a multi-step clean-up procedure and chemical conversion, and was not suitable for high throughput. Chiwocha and co-workers 11) have recently reported a method for the simultaneous analysis of several plant hormones including IAA by using LC-ESI-MS/MS. This method applies a simplified sample clean-up process by the use of solid-phase extraction (SPE), and all of the target plant hormones can be quantified without chemical conversion. While the method makes the best use of LC-MS/MS to investigate the behavior of multiple hormones and their possible interaction in a plant, it does not seem to be optimized for analyses of IAA and its metabolites; no detailed information regarding the detection limit is available, and only the aspartic acid conjugate is detectable as a metabolite of IAA. Thus, a more specific method that covers IAA and y To whom correspondence should be addressed. Fax: +81-75-753-6123; E-mail: miyagawa@kais.kyoto-u.ac.jp Abbreviations: IAA, indole-3-acetic acid; LC-ESI-MS/MS, high-performance liquid chromatography-electrospray ionization-tandem mass spectrometry; SPE, solid-phase extraction; MRM, multiple reaction monitoring related compounds in plant tissues is needed to monitor the detailed behavior of these compounds in plant tissues.
We report in this paper a convenient and sensitive method to quantify IAA and its amino acid conjugates in the rice plant (Oryza sativa) by applying SPE and LC-ESI-MS/MS. The proposed method includes simplified clean-up procedure, but still enables the quantification of about 10-20 pmol/g fresh weight of IAA and its conjugates by using 20-100 mg of plant tissue. Although rice plants have been utilized as a model of monocots in many studies, little information is available regarding the metabolism of IAA in rice. [12] [13] [14] The method described here will be useful for clarifying this relatively little investigated issue.
Materials and Methods
Chemicals. Rice seedlings. Seeds of rice (Oryza sativa cv. Nipponbare) were washed with distilled water and sterilized with 5% sodium hypochlorite for 10 min. The seeds were then soaked in distilled water for 3 days at 28
C with a 16-h photoperiod per day. The germinated seeds were transplanted in a wet mixture of vermiculite and compost, and maintained in a growth chamber for two weeks with the same photoperiod.
Rice calli. Rice calli obtained from Nipponbare seeds were subcultured at intervals of 3 weeks on a 2N6 medium, consisting of N6 15) supplemented with 2,4-dichlorophenoxy acetic acid (2 mg/l), casamino acids (1 g/l), and 0.2% Gelrite (Wako, Osaka, Japan). They were maintained in a culture room at 28 C with a 16-h photoperiod. Calli maintained for 2 weeks after subculture were used for subsequent analyses.
Extraction of IAA and amino acid conjugates. Leaves, roots, and sheaths of 2-week-old rice seedlings (ca. 20-100 mg, Figure in Table 4 ) were cut into small pieces and soaked for 3 h in 1.0 ml of 80% acetone in water containing 2.5 mM of diethyl dithiocarbamate. Dehulled rice seeds (2 grains, about 40 mg) were homogenized with a pestle and soaked for 3 h in an aqueous acetone solution with the same composition. Calli (about 300 mg) were homogenized with a Polytron Ò (Kinematica, Lucerne, Switzerland) in ten volumes of the same extraction solvent and kept for 3 h. After 10 ml of a [phenyl-13 C 6 ]-IAA solution (10 mM) had been added to each extract as an internal standard, the extraction procedure was repeated three more times. The extracts were combined, and the solvent was removed in vacuo. The residue was suspended in 5 ml of water containing 0.1% trifluoroacetic acid (TFA) to be passed through a BondElut C18 cartridge (100 mg/1.0 ml; Varian, Harbor city, CA, U.S.A.) that had been pre-equilibrated with 10 ml of water containing 0.1% TFA. After the cartridge had been washed with 3.0 ml of 0.1% TFA aq., the IAA and IAA conjugates were eluted with 10 ml of 50% methanol in water containing 1.0% acetic acid. The eluate was concentrated in vacuo, and the residue was re-suspended in 100 ml of 10% methanol aq. containing 1.0% acetic acid. A 5-ml portion of extract was subjected to an LC-ESI-MS/MS analysis.
LC-ESI-MS/MS
analysis. An Agilent 1100 HPLC system coupled to an API3000 triple-stage mass spectrometer equipped with a turbo ion spray interface (Applied Biosystems/MDS Sciex, Ontario, Canada) was used for the analysis. A Cadenza CD-C18 column (75 Â 2:0 mm i.d.; 3-mm particle size; Imtakt, Kyoto, Japan) was used and eluted with a mixture of methanol: water containing 0.05% acetic acid (gradient from 10:90 to 90:10 in 13 min) at a flow rate of 0.2 ml/min and a temperature of 30 C. MS was conducted under the following conditions: nebulizer gas (NEB), 14 l/min; curtain gas (CUR), 10 l/min; collision activated dissociation (CAD) gas, 4 l/min; ion spray voltage (IS), 4500 V; turbo gas (Gas2), 8 l/min; temperature (TEM), 550 C. The optimized parameters for each analyte, including the declustering potential, focusing potential, entrance energy, collision energy, and collision cell exit potential, are listed in Table 1 . The detection was performed by multiple reaction monitoring (MRM) in the positive ion mode. The monitored fragmentation processes for IAA and the amino acid conjugates are also listed in Table 1 . The obtained data were processed with Analyst 1.3 software (Applied Biosystems). 
Results and Discussion
Optimization of LC-MS/MS for sensitive detection of IAA and the amino acid conjugates A standard IAA solution in 50% aqueous methanol was directly introduced into the ESI-triple stage quadrupole mass spectrometer to obtain a mass spectrum in the quadrupole 1 (Q1) scan mode to detect the molecular related ions of IAA. The protonated molecule (½M þ H þ ) of IAA was observed at m=z 176 in the positive ion spectrum. No other molecular related ion was detected. No definite molecular related ion was detected in the negative ion mass spectrum under the conditions used in this study. Figure 1 shows the MS/ MS data of the protonated form of IAA. Since the quinolinium ion was most intensely observed at m=z 130 among the fragment ions in the spectra, the fragmentation process from m=z 176 to 130 was selected for the detection of IAA in the multiple reaction monitoring (MRM) mode. Eleven parameters of mass spectrometry related to the ionization and fragmentation were optimized to obtain the maximal signal intensity (see the Materials and Methods section).
All the IAA-amino acid conjugates also gave their ½M þ H þ ions in the positive Q1 scan mode, and commonly gave the fragment ion at m=z 130 with high intensity in the MS/MS data. Thus, the conditions for monitoring these fragmentation processes were the same as those for IAA in order to detect the individual IAA conjugates in the MRM mode ( Table 1) .
The mobile phase for HPLC had a major effect on the ionization efficiency of each analyte. A solvent mixture of methanol/water eluted with a linear gradient program was preferable to the acetonitrile/water system. The addition of acetic acid at a concentration of 0.05% improved the ionization efficiency as well as the separation of peaks in the chromatograms. Figure 2 shows the chromatogram for standard samples of IAA and six amino acid conjugates under the optimized conditions. Good separation was achieved for the seven compounds in a single run, each peak corresponding to about 500 fmol of the compound.
The sensitivity and reproductivity were examined under these newly established conditions (Tables 2 and  3 ). The detection limit (S/N > 3) for IAA was estimated to be 3.8 fmol (0.63 pg), which was equivalent to that previously reported when using LC-ESI-MS/MS after a methylation procedure (2 pg) and that determined when using GC-MS after a series of pretreatments (0.5 pg). The detection limit was generally lower for the amino acid conjugates than for IAA. That for IAA-Ala, IAA- Val, IAA-Ile, and IAA-Phe was in the order of subfemto moles, suggesting that the hydrophobic nature of the amino acid side chains in the conjugates had a positive effect on the efficiency of the electrospray ionization (ESI) process. There was good reproductivity and linearity of the analysis for IAA and the conjugates, as shown in Table 3 . Chiwocha and co-workers have reported a method for the simultaneous determination of multiple plant hormones using LC-ESI-MS/MS.
11) The detection of about 500 pmol/g dry weight of IAA in lettuce seed was achieved by monitoring the fragmentation process from the deprotonated molecule (m=z 174 ½M À H À ) to the ion of m=z 130 in the MRM mode. Under the conditions examined in the present study, however, the deprotonated molecule of IAA was detected only with low intensity, so no attempt was made to develop a method based on the fragmentation of negative ions. The ionization efficiency of a compound in LC/MS appeared to be greatly affected by the instrumental properties. The optimized conditions for detecting the fragmentation of positive ions in the current study allow for highly sensitive detection, as already described, although no detailed information regarding the detection limit of IAA was given in the report by Chiwocha and co-workers.
11)

Optimization of the sample clean-up process prior to LC-MS/MS
About 100 mg of plant tissue was used for the analysis. The sample was soaked in 1.0 ml of 80% acetone in water containing 2.5% diethyl dithiocarbamate for 3 h. The procedure was conducted 10 times, and the amounts of extracted IAA and amino acid conjugates were monitored each time. More than 90% of total IAA and conjugates (the sum of the amounts in each extract) was extracted after the third analysis (data not shown), so thereafter, the extraction procedure was performed three times for all the samples. The extracts were combined (total of 3.0 ml) and the solvent was removed in vacuo. The residue was suspended in 3 ml of water containing 0.1% trifluoroacetic acid (TFA) and subjected to solid-phase extraction. The C 18 reverse phase was most effective as the stationary phase among such others as C 8 reverse phase and ion-exchange resins for extracting IAA from the matrix derived from rice plant tissues. The behavior of IAA in the stationary phase greatly depended on the property of the C 18 solid phase and the pH value of the mobile phase. Among the C 18 SPE cartridges from various suppliers tested, the BondElut C18 cartridge performed best in respect of its retention capacity during the washing process and sharpness in the elution process. According to the established procedure for solid-phase extraction (see the Materials and Methods section), good recovery was obtained for IAA and the amino acid conjugates when 100 pmol of each standard compound was used to spike the extract of rice leaves ( Table 2 ).
The solvent of the eluate from the cartridge was removed in vacuo, and the residue was re-suspended in 100 ml of 10% MeOH aq. containing 1.0% acetic acid. A 5-ml portion of the extract was analyzed by LC-ESI-MS/MS. Figure 3 shows a chromatogram of the extract obtained from rice roots. The peaks of IAA, IAA-Asp, and IAA-Glu were detected, and no interfering peak was apparent. The quantification limit for IAA was about 10 pmol/g fresh weight when using 100 mg of leaf tissue. The level of IAA in the leaves of a one-week-old rice seedling was determined to be 443 AE 51 pmol/g fresh weight (n ¼ 3), this being almost identical to the data obtained by the method of Kowalczyk and coworkers (339 AE 54 pmol/g fresh weight, n ¼ 3).
10)
The levels of the IAA amino acid conjugates were determined by using [phenyl-13 C 6 ]-IAA as the internal standard in the present study. The good recovery of amino acid conjugates shown in Table 2 validates the method. The use of an isotope-labeled compound of each conjugate as the internal standard is, however, preferable for a more accurate analysis, since it is likely that the ionization efficiency by electrospray is different between IAA and each conjugate, depending on the impurities in the respective samples. An attempt to prepare stable isotope-labeled amino acid conjugates is now underway, and a method for using them as the internal standards will be investigated in the future.
Quantification of the IAA and amino acid conjugates in various rice tissues
The levels of IAA and amino acid conjugates in various parts of the rice plant, including the leaf, sheath, root and dehulled seeds as well as in rice calli, were determined by using the proposed method. Besides IAA, three types of conjugates, IAA-Asp, IAA-Glu, and IAAAla, were detected in the tissue and callus, and their levels are listed in Table 4 . The levels of other conjugates were below the quantification limit (7-15 pmol/g fresh weight) in all samples. Two-week-old seedlings Two-week-old seedlings with three expanded leaves were collected and separated into the leaf sheath, root and leaves. The leaves are numbered I, II and III in order of expansion. Each tissue sample taken from a single seedling (20-100 mg) was subjected to an analysis. The levels of free IAA ranged 86-140 pmol/g fresh weight (15.1-24.5 ng/g fresh weight), and no clear tissuedependent distribution was apparent. These results are in good agreement with the reported values for rice shoots grown in paddy fields (10-30 ng/g fresh weght).
14) IAAAsp and Glu were only found in the root and leaf sheath, while no IAA-Ala was detected in any part of the seedling. IAA-Asp and -Glu are considered to be the storage forms of IAA and/or intermediates for further metabolic transformation. [7] [8] [9] It has been demonstrated in Arabidopsis that the distribution of IAA-Asp and IAA-Glu was correlated with that of free IAA. 10) In the case of rice plants, however, relatively high levels of IAA-Asp and -Glu were found in the root, this being different from the pattern of distribution of free IAA (Table 4 ). To date, there has been little information on the translocation and metabolism of IAA in rice plants, or on the role of the amino acid conjugates. The present results may suggest that free IAA can translocate in whole rice plant tissues and undergo metabolism in the root.
Dehulled seeds
Two grains of dehulled rice were used for the analysis. A high level of IAA was present in the free form, amounting to 6500 pmol/g fresh weight (1137 ng/g fresh weight). This is close to the IAA level in rice seeds reported previously (1703 ng/g fresh weight). 16) The conjugates, IAA-Ala, IAA-Asp and IAA-Glu, were also detected, although their levels were much lower than the level of the free form.
Calli
The level of free IAA in calli was very low (16 pmol/ g fresh weight), compared to that in plant tissues. Therefore, a relatively large amount of rice calli (ca. 300 mg) was required for the analysis. The quantification limit was about 5 pmol/g fresh weight. IAA-Asp and IAA-Glu were detected, the levels of these conjugates being higher than the level of IAA. These results suggest that the conjugation of IAA to IAA-Asp and IAA-Glu was activated specifically in rice calli to keep the level of IAA low.
Conclusion
A rapid and sensitive method for the quantification of IAA and the amino acid conjugates in rice tissues was developed by using the solid-phase extraction technique and LC-ESI-MS/MS. MRM detection for MS/MS worked effectively for both IAA and its amino acid conjugates to simplify the sample cleanup procedure due to its very high selectivity. Consequently, a single step of solid-phase extraction with a C18 cartridge was sufficient for clean-up prior to the LC-MS/MS analysis. The proposed method is sensitive enough to quantify IAA and amino acid conjugates in small amounts of rice plant tissue, and the simplicity of the process allows for a large number of samples to be handled. This LC-ESI-MS/MS method is applicable to the analysis of IAA in rice plants under various physiological conditions, as well as in mutants and transformants with altered biosynthetic and/or metabolic capacity for IAA. It should be mentioned, however, that this method does not yet cover the ester conjugates of IAA. It has been demonstrated in many plants that a significant amount of IAA undergoes conjugation with sugars and sugar alcohols via esterification, in addition to that with amino acids.
7) The amounts of ester conjugates in a plant have generally been indirectly quantified. In most cases, the free IAA liberated after hydrolysis of the plant extract under relatively mild conditions is interpreted as the IAA that formed the conjugates. Thus, almost no quantitative data regarding the composition of ester conjugates have been presented to date. The quantitative analysis of respective ester conjugates has been hampered by the unavailability of authentic compounds. We are now engaged in an attempt to prepare a series of ester conjugates, as well as to chemically characterize the conjugates present in rice plants. It will be possible to develop a profiling assay for IAA metabolites, which will help with clarifying the dynamics of IAA and the mechanism for IAA homeostasis in this plant.
